Abstract: This paper presents the findings of a preliminary research program that aimed to investigate the mechanisms governing the progression of piping erosion in organic soils and attempted to use the findings to reduce the severity of piping erosion of sand. The hypothesis was that the presence of organics within mineral soils results in a reduction in piping erosion progression. Erosion behaviors of the soils were quantified using a simple erosion test with a preformed hole to simulate an initial piping channel. The research was split into five test phases. In Phase 1, the influence of grain-size distribution was eliminated to develop a preliminary understanding of the role that organic matter plays in the erosion process. The results indicated that organic matter likely contributed to a reduction in piping erosion. The second phase excluded both grain-size distribution and individual particle shape as variables in the erosion process. The results further confirmed the connection between organic matter content and erosion resistance. The third phase revealed the positive correlation between the reduced piping erosion and increased organic matter content. The fourth phase investigated the quantitative relationship between certain biologically derived substances (polysaccharides and glomalin) and piping erosion reduction. The positive correlations that were preliminarily derived from this phase indicated that these substances likely play a major role in reducing piping erosion. The final phase comprised of introducing organic matter into mineral soil and quantifying the subsequent changes in geomechanic properties. The results suggested that the introduction of organic materials into mineral soil decreases strength, increases consolidation settlement, and reduces permeability.
Introduction
As water flows within a soil mass, such as an earth-fill dam or levee, a form of internal erosion known as piping erosion can occur. This form of erosion can be highly destructive, and breaches of earthen levees and dams have been attributed to piping-erosion induced failures. In a survey of 11,192 dams, Foster et al. (2000) concluded that approximately 46% of the dam failures among the entire survey sample could be attributed to internal erosion. In reanalyzing this survey, Richards and Reddy (2008) determined that approximately 31% of all dam failures resulted from the piping mode of failure. Traditional mechanistic remediation methods include filters, cutoff walls, impermeable blankets and berms, and combinations of toe trenches, drains, and pressure relief wells (U.S. Army Corps of Engineers 2000). Additionally, recent studies focusing on microbialinduced carbonate precipitation (MICP) demonstrated the ability of certain microorganisms to facilitate soil cementing through natural metabolic reactions (Mortensen et al. 2011; Hamdan et al. 2011 ).
However, like other more traditional methods for reducing the likelihood of piping erosion, these techniques are most appropriate for in situ applications. MICP relies on various enhancements of the soil ecosystem in which the microorganisms live and results in in situ soil cementing and stabilization. The ability to increase the soil's natural resistance to erosion during construction of the embankment could serve as a complement to, or in some applications, as a replacement of, the current remediation methods. Recent studies have recognized the soil aggregating and stabilizing properties of certain organically derived substances (Brady and Weil 2002; Comis 2002) . Results from laboratory-scale tests by Xiao et al. (2010) and Xiao and Gomez (2009) provided further evidence of the ability of organic materials to reduce the severity of surface erosion on sloped embankments. The purpose of this research was to develop an understanding of some of the fundamental mechanisms governing erosion in organic soils, with the ultimate goal of developing improved design methods for resisting erosion in water-retaining embankments through a biologically derived erosion reduction technique, which is referred to here as bioabatement.
Materials and Experimental Methods
The research included five test phases. In Phase 1, the influence of grain-size distribution (GSD) was eliminated to develop a preliminary understanding of the role that organic matter plays in the erosion process. In Phase 2, both the GSD and individual grain shape were excluded as variables in the erosion process to more precisely reveal any connection between organic matter content and erosion resistance. In Phase 3, a potential correlation between increased organic matter content and reduced piping erosion was established. The fourth phase investigated the quantitative relationship between 1 certain biologically derived substances (polysaccharides and glomalin) and piping erosion reduction. The final phase quantified some of the changes in a mineral soil's geomechanic properties resulting from the introduction of organic matter.
Materials
Four types of base soils were used in this experimental program. The first soil was a naturally occurring fibrous peat that was sampled from the banks of a river near the town of Kerman in the San Joaquin Valley of central California. The soil's location and composition suggested that it was likely a fibric histosol resulting from the partial decomposition of the abundant tule-reed beds in the region (Brady and Weil 2002) . The Kerman peat (KP) was light brown in color, contained visible organic fibers and large particles, and was nonplastic. The peat was sampled and immediately placed in airtight containers at room temperature (20-22°C) for storage and testing.
The second soil was a commercially produced cocompost. The cocompost constituted equal mass proportions of green waste and biosolids containing large, relatively fresh organic particles.
The third soil was a fine-grained silty sand (FGS), originally sampled directly from a construction site stockpile. This type of finegrained cohesionless soil is known to be highly susceptible to piping erosion (Terzaghi et al. 1996; Wan and Fell 2004a, b) . The silty sand was regraded to match the GSD of the KP using the following procedure: (1) a sample of the KP was separated using six sieve sizes, and the corresponding passing percentages were calculated, (2) the FGS was separated using the same six sieves, and (3) the passing percentages of the KP served as the basis of the mixing ratio for the portions of the FGS collected on the six sieves, resulting in similar GSDs for both soils. Fig. 1 shows the GSDs of the KP, cocompost, and FGS.
The fourth soil was Turface, a manufactured aggregate product. Turface, containing negligible organic matter, was used here to specifically replicate the distinctive shape and textural characteristics of the organic soils. Turface is created by heat-treating montmorillonite clay into a ceramic material that is then milled and processed into various grain sizes that resemble those of natural soil. The product is generally applied as an athletic field conditioner to help control drainage. The flakey shape and rough surface texture of the individual particles made Turface a suitable candidate for replicating the unique shape characteristics exhibited by organic soil particles, as indicated by the 500 3 magnification scanning electron microphotographs (SEMs) in Figs. 2(a-c). As a reference, the SEM of the FGS is shown in Fig. 2(d) .
Erosion Test Methodology
The experimental methods were designed to test a soil's overall resistance to erosion along a preexisting piping channel. The erosion test setup shown in Fig. 3 was used to conduct the erosion testing. The test setup borrowed the concept of the constant-head hole erosion test (HET), which was originally developed by Wan and Fell (2004a, b) . Recent work by researchers at the U.S. Bureau of Reclamation (Wahl et al. 2008 (Wahl et al. , 2009 Marot et al. 2011 ) notably improved the HET methodology. In this research, the erosion test procedure deviated from the HET methodology: a single hydraulic gradient was used for all erosion tests, and the variation of the erosion rate with seepage was monitored to consider the time factor in the erosion resistance.
The test was conducted on specimens 70 mm in diameter and 140 mm in length. Clear acrylic tubing and end caps were used for the specimen mold and allowed for easy observation of the specimen Fig. 1 . Grain-size distributions of the Kerman peat, cocompost, and fine-grained silty sand during all phases of testing. The end caps were designed in such a way that eroded soil particles were able to exit from the specimen unhindered from the specimen for collection within buckets directly beneath the specimen.
The specimen was created by compacting soil directly within the mold to its maximum dry density in thin, uniform layers at the optimum moisture content. The maximum dry density and optimum moisture content were obtained using the Harvard miniature compaction apparatus. In the Harvard miniature compaction test, each of the three uniform layers of the specimens received 25 tamps from the 89-N spring. A concentrically located hole was preformed during specimen compaction using a metal rod with a diameter of 6.5 mm. This hole simulated an initial piping channel and spanned the entire length of the specimen. A specially designed tamper covering nearly the entire cross-sectional area of the specimen was used to achieve consistent densification within each layer. The tubular handle of the tamper was hollow and closely encased the metal rod that was used to form the initial piping hole. This ensured that the soil adjacent to the piping hole was not over-or undercompacted.
Deionized water was introduced at the top of the cylinder via a constant-head reservoir and then passed through a 20-mm-thick layer of uniform glass beads before reaching the specimen. The glass beads, measuring 6 mm in diameter, were used to evenly distribute the influent before it entered the simulated piping channel. A metal mesh with 4.75-mm-square openings separated the glass beads and the soil specimen, preventing the glass beads from falling through the hole during the erosion test. Effluent with eroded soil particles was incrementally collected in buckets directly beneath the specimen as it exited the lower end cap. With the downstream side of the specimen open to the atmosphere, a constant hydraulic gradient of four was established for the erosion tests. The hydraulic gradient was selected based on previous research work. The slot erosion tests conducted by Wan and Fell (2004b) used a constant hydraulic gradient of 2.5; the piping erosion tests by Indraratna et al. (2008) used the hydraulic gradients from 0.5 to 7.0. The ASTM pinhole test specification [ASTM D4647-06e1 (ASTM 2011b)] recommended a hydraulic gradient range from 1.3 to 26.7.
Each specimen was tested for durations of 60 min or until failure, whichever occurred first. Failure was defined as enlargement of the initial piping hole to the perimeter of the mold. The enlargement of the piping hole was visually monitored through the transparent mold. When the piping hole enlarged to the perimeter of the mold, the erosion test was terminated. The total dry mass of eroded soil particles was measured for each effluent collection increment. This value was determined through decanting and drying of the collected effluent with eroded material.
Phase 1: Biological Effect of Organic Matter Content on Piping Erosion Progression Excluding the Influence of Grain-Size Distribution
Both physical and biological characteristics of a soil can affect piping erosion progression, and GSD can play a major role in determining erosion behavior (Terzaghi et al. 1996) . Therefore, in the first phase of the study, the effect of GSD on piping erosion progression was eliminated. The purpose was to qualitatively reveal the effect of organic matter content on erosion resistance. This was accomplished by testing three different soils that exhibited similar GSDs but varied in organic matter content (0-22.6%).
The first soil was the KP, the second soil was an FGS with the same GSD of the KP, and the third soil, here denoted as FGS-5% ORG, was a composite soil created in the laboratory by mixing the FGS and the KP that exhibited the same GSD. The two soils were mixed at a mass ratio of 22% KP to 78% FGS, creating an organic sandy soil that contained 5% organic matter content by mass. Because the FGS and the KP with the same gradation were the only components used in creating the composite mixture, all three soils exhibited similar GSDs. Table 1 provides a summary of the physical characteristics of the three soils. The erosion test results for the three soil types are subsequently presented.
Phase 2: Biological Effect of Organic Matter Content on Piping Erosion Progression Excluding the Influences of Grain-Size Distribution and Particle Shape
In addition to the gradation, individual grain shapes and textures may also affect piping erosion progression. The unique shape and textural characteristics of the organic constituents of fibrous peats have been well documented in the technical literature (Mesri and Ajlouni 2007) . In this research, the flakey, highly perforated and cellular structure of the biologically derived organic material was in stark contrast to the smooth and rounded nature of the mineral grains of the FGS, as demonstrated by the SEMs in Fig. 2 .
In Phase 1 of this research, organic matter (KP) was added to the FGS and erosion reduction was observed, as subsequently shown. The erosion reduction may be because of the combined effects of organic matter constituents and the unique shape of peat particles. Aside from grain sizes, the interactions of soil grains may be influenced by the shapes of the grains, thus affecting the mobilization of soil particles on the wall of a piping channel. Therefore, to more precisely reveal the biological effect of organic soil on piping erosion progression, the two major physical characteristics of soils (grain sizes and shapes) must be excluded. Accordingly, the second phase aimed to compare the erosion rates of an organic soil and a mineral soil (FGS) (with essentially zero organic matter content), each exhibiting the same particle shape and texture.
To eliminate the influence of grain size, the GSD of the Turface was adjusted to match that of the organic soils (Fig. 1) , using the same GSD adjustment technique utilized in Phase 1. In this phase, two types of organic soil were used to create two independent comparison groups ( Table 2) . One organic soil was the KP used in Phase 1 and the other was cocompost. Both soils were mixed with the FGS at mass ratios of 20% organic soil to 80% mineral soil (FGS). The sand-peat mixture was referred to as FGS-20%KP, and the sandcocompost mixture was referred to as FGS-20%cocomp. The GSD of the Turface, as explained previously, was matched to that of the KP and the cocompost, respectively, and mixed with the FGS at the same 20:80 mass ratio. The resulting mixtures were referred to as FGS-20%Turface(KP GSD) and FGS-20%Turface(cocomp GSD). Turface(KP GSD) was the Turface material with the same GSD as that of the KP, and Turface(cocomp GSD) was the Turface material with the same GSD as that of the cocompost. A summary of the two soil comparison groups is provided in Table 2. Table 3 contains the physical characteristics of the four soil types.
In summary, the two soils in each comparison group were created such that they exhibited the same GSD and a similar particle shape, but different organic matter content. The erosion tests were conducted on the four soils after being compacted to their maximum dry densities at optimum moisture content within the specimen mold. The two soils within each comparison group were analyzed for their erosion resistance.
Phase 3: Effect of Varied Organic Matter Content on Piping Erosion Progression
With a qualitative understanding of the biologically derived effect on piping erosion resistance, the third phase of the study aimed to quantitatively reveal the influence of varied organic matter contents on piping erosion progression. The cocompost and FGS were mixed to create four mixtures of 5, 10, 15, and 20% cocompost by mass. The physical characteristics of each soil are provided in Table 4 . The GSDs of the four FGS-cocompost mixtures were almost identical. Therefore, their graphical inclusion was omitted from the paper. Because each mixture was created from the same two base soils, they also possessed similar particle shapes. Therefore, the effects of GSD and particle shape can be discarded in this phase to exclusively reveal the effect of varied organic matter contents on the erosion progression. The FGS was first tested as a control sample. The piping erosion progressions of the four soil mixtures were quantified using the erosion tests. The FGS used in this phase was not regraded, whereas the FGS used in Phases 1 and 2 was regraded to obtain a certain GSD. Therefore, the FGS in both Phases 1 and 2 were slightly different in size distribution from the FGS in Phase 3. Consequently, their compaction results were slightly different, as shown in Tables 1  and 4 .
Phase 4: Analysis of Biologically Derived Substances Affecting Piping Erosion Resistance
The fourth testing phase aimed to quantify two biologically derived substances, polysaccharides and glomalin, to discover their potential relationships with and effects on the observed erosion reduction. As components of what are known as biofilms, glomalin and polysaccharides have been shown to increase soil stability by acting as soil-aggregating organic glues (Brady and Weil 2002; Comis 2002) . Measurements were made on the four base materials utilized in the first three phases of testing: FGS, KP, cocompost, and Turface(KP GSD). Quantification of the two biological characteristics allowed for a base-level analysis of the possible correlations between the observed reduction in erosion and the measured concentrations of polysaccharides and glomalin.
Polysaccharide concentrations were determined via opticaldensity bioassays utilizing sucrose as the comparison standard. For the glomalin measurement, the Bradford method was used to extract the glomalin and determine its concentration (Janos et al. 2008 ).
Phase 5: Effects of Piping Erosion Bioabatement Measures on Soil Geomechanical Properties
Because the bioabatement methods involved the direct incorporation of biologically derived organic material into a mineral soil (FGS), the potentially detrimental side effects caused by the presence of the organic constituents required investigation. Therefore, the three most significant engineering properties that relate to levee stability, namely settlement, strength, and permeability, were analyzed. Two soils, the FGS and the FGS mixed with 20% cocompost, as used in Phase 2, were subjected to consolidation using incremental loading [as per ASTM D2435-11 (ASTM 2011d)], consolidatedundrained triaxial compression [as per ASTM D4767-11 (ASTM 2011a)], and flexible wall permeability tests [as per ASTM D5084-10 (ASTM 2011c)]. For the settlement testing, 24-h incremental loading was used to study both total and time rate of consolidation. A pressure range of 15:4e247:0 kN=m 2 was implemented, with time-deformation measurements taken at pressures of 30.9 and 247:0 kN=m 2 . Standard triaxial consolidated undrained compression and flexible wall permeability tests were performed on soil specimens 71 mm in diameter and 142 mm in length. An effective confining pressure of 55:2 kN=m 2 was achieved by providing a total confining pressure of 110:4 kN=m 2 and a pore pressure of 55:2 kN=m 2 , simulating possible field conditions within a levee or earth-fill dam.
Results and Discussion
The results from the five phases of testing are presented in the following sections. The graphs containing erosion rates were generated using the dry mass of eroded soils collected during each test. This rate represented the percent erosion per liter of effluent collected during each effluent collection increment, where percent erosion was calculated as grams of dry eroded material removed from the specimen during each increment divided by the specimen's initial dry mass. Each erosion rate value was plotted against the corresponding cumulative seepage volume.
In the graphs displaying erosion rate versus cumulative seepage volume, the first point may not be reliable. When forming the piping channel during specimen compaction, the removal of the metal rod that was used to create the piping hole could cause some soil particles to dislodge from the wall of the hole. The assembly of the cylinder and the end caps could also cause a slight disturbance of the specimen. These loose soil particles were easily washed from the specimen upon the initiation of the test and were collected in the first effluent collection bucket resulting in a potentially exaggerated erosion rate.
Phase 1 Results: Biological Effect of Organic Matter Content on Piping Erosion Progression Excluding the Influence of Grain-Size Distribution
The erosion test parameters for Phase 1 are summarized in Table 5 . Fig. 4 shows that the erosion rates of both the KP and the FGS-5% ORG followed a decreasing trend toward a relatively stable value. Because of the high erosion potential of the FGS and the subsequently low number of data points for this test, a clear trend is difficult to distinguish. Most important to recognize, however, is the much higher erosion potential of this nonorganic soil with respect to the two organic soils, indicating the possible effect of organic matter content on a soil's piping erosion resistance.
Posterosion-test observation of the specimens validated the quantitative analysis, and at the end of each test, the condition of the piping hole was examined. As shown in Fig. 5(c) , no measurable difference was observed in the preformed piping hole after the KP specimen experienced a full hour of eroding flows. Fig. 5(a) shows that after experiencing only three minutes of the same flow conditions, the initial hole in the FGS specimen had eroded to the perimeter of the mold. A drastic variation in erosion potential was observed between the two soils. The FGS-5%ORG specimen is shown in Fig. 5(b) . Like the KP specimen, this soil was tested for a duration of 60 min and showed a level of piping-hole enlargement and soil erosion only slightly greater than that of the KP specimen. Closer examination of this specimen's posterosion piping hole showed that the coarse-grained sand particles (lighter in color) remained on the wall of the piping hole, indicating the possible binding of organic particles with the mineral particles.
Phase 2 Results: Biological Effect of Organic Matter Content on Piping Erosion Progression Excluding the Influences of Grain-Size Distribution and Particle Shape
The erosion test parameters for the Phase 2 tests are summarized in Table 6 . In this phase of study, two groups of tests were conducted, and comparisons were made within each group (Table 2) . A comparison of the FGS-20%KP and the FGS-20%Turface(KP GSD) erosion rate curves in Fig. 6 reveals the drastic difference in erosion potential between the two soils, despite their similarities in GSD and particle shape. A comparison of erosion rates of the FGS-20%cocomp and the FGS-20%Turface(cocomp GSD) (Fig. 6 ) reveals the same finding, which is the two soils with similar GSDs and particle shapes exhibited very different erosion behaviors. These results further illustrate the potential relationship between organic matter content and erosion resistance.
When compared with the FGS-20%Turface(KP GSD), the initial erosion rate of the FGS-20%Turface(cocomp GSD) was relatively low. Toward the end of the test, however, the erosion rate increased significantly to reach the same level as that of the FGS-20%Turface (KP GSD). These two soils also exhibited considerable variability in test duration-the mixture containing Turface with the same GSD as the KP only sustained 6 min of seepage before reaching the predefined failure point (enlargement of the preformed piping hole to the perimeter of the specimen mold), whereas the mixture containing Turface with the same GSD as the cocompost sustained 42 min of seepage before reaching the failure point. The reasons for this difference are not fully understood, but it is possible that the variation in the GSDs of the two soils (Fig. 1) plays a role. Table 7 summarizes the erosion test parameters for Phase 3, and Fig. 7 graphically presents the erosion rates. The FGS and the 5% mixture failed at 6 and 15 min, respectively, where the piping channels enlarged to the perimeter of the mold at the top portion of the specimens. The other three mixtures and the cocompost were tested for 60 min, and the piping channels did not enlarge to the perimeter of the specimen. Each soil exhibited a relatively constant erosion rate throughout the duration of the test, and the erosion rates for the cocompost and the 20% mixture were several orders of magnitude lower than those exhibited by the FGS and the 5% mixture, once again suggesting a positive correlation between organic matter content in the soil and the reduction in erosion progression. Fig. 8 shows a side-by-side comparison of posterosion pipinghole castings from the FGS, the 20% mixture, and the cocompost. The castings were made using a silicon rubber fluid (OOMOO 25 Silicone Rubber, Smooth-On Inc., Easton, PA) that was slowly injected into the posterosion piping hole. The fluid occupied all voids in the piping channel and solidified in 75 min at room temperature. It had negligible shrinkage and good tear strength.
The solidified silicon rubber castings could be easily detached from the soil and accurately represented the shape of the posterosion piping hole. In the figure, the vertically oriented shaft extending the entire length of the photograph is the metal rod used to form the initial piping hole during the specimen compaction. To the left of the rod the cylindrical erosion-test mold with the specimen is shown to provide a physical reference with respect to the erosion hole castings. The piping hole in the FGS enlarged to the perimeter of the cylinder at the top portion of the specimen, whereas the cocompost and the 20% mixture showed only a slight enlargement in hole size. Table 8 summarizes the results of the biocharacteristics quantification of the four base soils. The polysaccharide and glomalin contents are reported in milligrams of each substance per gram of the soil sample, and each test was performed in duplicate to confirm the results. In Figs. 9 and 10, the average erosion rates of the four soils are plotted versus the soils' two biological substance concentrations. The average erosion rate was determined by averaging the erosion rates of each time increment of effluent collection during the erosion test. For each of the base soils, higher concentrations of the biological Duration of each increment (min) 0.75 3.00 5.00 6.00 10.00 10.00 Fig. 7 . Erosion rates of fine-grained silty sand, cocompost, and finegrained silty sand and cocompost mixtures of 5, 10, 15, and 20% cocompost by mass, respectively Fig. 8 . Physical observation and comparison of posterosion pipinghole conditions of the fine-grained silty sand, the mixture of fine-grained silty sand and 20% cocompost, and the cocompost constituents generally correlate with lower rates of erosion. Interesting to note, however, is the variation in erosion rate between the KP and the cocompost, despite their nearly identical concentrations of polysaccharides (Fig. 9 ). This can perhaps be explained by observing the glomalin concentrations in Fig. 10 . The cocompost, which contained approximately 60% more glomalin than the KP, had significantly less erosion. The overall correlation between erosion reduction and biological constituent concentration supports the hypothesis that the presence of biofilm substances can reduce a soil's susceptibility to erosion along a preexisting piping channel. The test program was not able to exclude other possible biological mechanisms. Therefore, based on this research, it is concluded that there may be a positive relationship between erosion resistance and the polysaccharides and glomalin contents. Further research is needed to verify that low erosion is in fact a result of the high concentration of polysaccharides and glomalin. after 7 days of consolidation at a pressure of 247:0 kN=m 2 . More time may be needed to observe the possibly large secondary consolidation, as is normally observed in organic soils (Mesri and Ajlouni 2007) .
Phase 4 Results: Analysis of Biological Substances Affecting Piping Erosion Resistance
The maximum deviator stress sustained by the 20% mixture during consolidated undrained triaxial compression was only about one third that of the FGS, as shown in Fig. 15 . Also, significantly greater deformation was needed to fully mobilize the compressive strength of the 20% mixture compared with the FGS, indicating higher plasticity of the mixture. Permeability reduction by adding the compost into the sand was significant; seepage velocity dropped by two orders of magnitude approaching the low values typically exhibited by clays. The permeability values, along with a summary of the consolidation and strength characteristics of the two soils, are provided in Table 9 . The significant degradation of these important geomechanic properties may prohibit the use of this bioabatement method in the field. However, potential alternatives using the biological mechanisms explored in this research may warrant further investigation.
Conclusions and Future Research

Conclusions Drawn from Experimental Observations
The objectives of this research were to develop a better understanding of the mechanisms governing the progression of piping erosion in organic soils and to investigate the possibility of applying erosion bioabatement techniques. Based on the materials' physical and biological characterization and the erosions tests, the following preliminary findings were drawn:
• Inclusion of organic matter in a mineral soil can decrease the soil's susceptibility to the progression of piping erosion, and increased soil organic matter content correlates with increased resistance to piping erosion.
• There could be positive correlations between erosion resistance and the polysaccharide and glomalin content in a soil. Although this paper quantitatively established the relationships between erosion resistance and the polysaccharides and glomalin contents, this paper was not able to exclude other possible physical or biological mechanisms. To fully substantiate these correlations, materials with highly concentrated polysaccharides or glomalin, instead of the peat or compost used in this research, should be systematically tested.
• The introduction of organic material significantly altered important geomechanic properties; both total and time rate of consolidation increased, consolidated undrained compressive strength decreased, and permeability was reduced.
Research Limitations
This research has the following limitations: (1) the long-term effects of incorporating organic materials into mineral soils were not addressed, and an explicit examination of the role of particle shape in piping erosion progression has not been completed. (2) Although this paper demonstrated the quantitative relationship between the biological substances and erosion reduction and identified the biological substances that could cause the reduction in erosion, this paper did not offer explanation of the mechanic bonding mechanism caused by the biological substances. (3) The concept of bioabatement of piping erosion was to add a small proportion of highly erosionresistant organic materials to erodible mineral soils. However, this research showed that mixing organic materials with erodible mineral soils might affect the soil's geomechanic properties. Considering these limitations, the proposed continuation of this research is presented in the following section.
Future Research: Proposed Synthetic Abatement Using Concentrated Polysaccharides and Glomalin
Further research is needed to identify a soil additive that does not degrade the geomechanic properties of the soil, but can still provide the benefits of reducing the progression of piping erosion. Further studies involving the use of synthetic polysaccharides, glomalin, or other currently unidentified substances as possible alternatives to incorporating raw organic materials, such as peat and compost, are recommended. A complementary investigation into the long-term effects of using organic materials as soil additives should also be conducted. Increased standing time and stabilization of the organic mixtures over time may result in less impact on the soils' geomechanical properties. On a more fundamental scale, the precise role of the individual particle shapes on the process of piping erosion deserves additional investigation. It is likely that the unique shapes and textures exhibited by biologically derived constituents affect the progression of piping erosion. Completion of these research suggestions would form a more comprehensive understanding of erosion progression and facilitate the development of a more effective abatement technique.
